By oxidizing AKT and keeping PP2A in the cytosol, the NADPH oxidase Nox4 allows proper DNA damage repair and averts cancer development.
Introduction
The notion that reactive oxygen species (ROS) are necessary harmful and are the cause of aging and all main diseases is very prevalent. Nevertheless, the prospective randomized clinical trials on antioxidant supplementation have failed to provide protection and in some studies antioxidants even increased the risk of negative outcome (1, 2) . Recently, animal experiments demonstrated that some major antioxidants of clinical use, N-acetylcysteine and vitamin E, accelerate spontaneous lung cancer development in mice carrying mutations in K-
Ras and B-Raf (3).
A potential explanation for these findings is that ROS are not just a representation of environmental stress or inflammation but that basically all cells produce ROS for signaling purpose. Such kinds of ROS are generated by the Nox family of NADPH oxidases in a highly controlled fashion (4) . Nox-dependent ROS-production in general occurs in response to cellular stimulation through increases in intracellular calcium or activation of Rac and protein kinase C (5) . There is however one exception, the NADPH oxidases Nox4. This enzyme constitutively produces low amounts of H 2 O 2 and thus its output is controlled by the expression level of the enzyme. Hypoxia and TGFβ are potent inducers of Nox4 expression (6, 7) . Therefore, increased Nox4 expression in disease conditions can be considered a marker of cellular stress. Interestingly, some tumor suppressor genes, particularly Nrf2, are induced by ROS and facilitate the antioxidant response and cellular protection (8) . In previous work we reported that Nox4 maintains the expression of Nrf2 (9) . Moreover, Nox4-/-mice exhibit a hyperinflammatory response in the vasculature which results in cardiovascular dysfunction and accelerated arteriosclerosis (9) (10) (11) (12) (13) . We and others also found Nox4 to be induced in the course of differentiation and to be essentially involved in the differentiation process of mesenchymal cells (14) (15) (16) . As de-differentiation and inflammation are well established prerequisites for malignant transformation we hypothesized that the knockout of Nox4 increases the risk of malignancy development.
Using two different inflammation driven cancer models as well as cell culture studies, we here demonstrate that endogenous Nox4 maintains genomic stability and attenuates malignant transformation. Nox4 mediates its effect through oxidation of AKT, which subsequently promotes cytosolic PP2A sequestration and PP2A-mediated AKT dephosphorylation. Cytosolic trapping of AKT leads to attenuated nuclear PP2A deposition which facilitates DNA damage detection.
Materials and Methods

Materials
The following chemicals were used: 3-methylcholanthrene (MCA), azoxymethane (AOM), NaCl, NH 4 Cl, NaHCO 3 Hank's BSS without Ca 2+ and Mg 2+ and Trypsin-EDTA solution (T3924) from Sigma-Aldrich (Munich, Germany), Dextran sulphate sodium (DSS) (#16011080; MP Biomedicals, Santa Ana , USA), Dulbecco's PBS (Gibco lifetechnologies, Carlsbad, CA, USA), Hank's buffer, SYBR green and Na-EDTA from Applichem (Darmstadt, Germany), TRIS (Carl Roth) and fibronectin (Corning Incorporated, Tewksbury, MA, USA).
Collagenase Type 2 was purchased from Worthington (Lakewood, NJ, USA). The PI3-Kinase inhibitor Ly294002 (#BML-ST420) was acquired from Enzo Life Science (Lörrach, Germany).
The following antibodies were used: Anti-pH3 (06-570), anti-PP2A and anti-phospho-Histone H2A.X (Ser139) from Millipore (Darmstadt, Germany), anti-AKT, anti-phospho-AKT (Ser473), p-p53 (Ser15), ATM, HA and PTEN, Erk, p-Erk, AKT sepharose bead conjugate and IgG mouse sepharose bead conjugate from CellSignaling (Danvers, MA, USA), anti-p53 (FL-393), anti-p110, NQO1, p-ATM (Ser1981), GFP and anti-Topoisomerase 1 (C-15) from Santa Cruz (Dallas, TX, USA), anti-β-actin (AC-15) from Sigma-Aldrich (Munich, Germany) and anti-p85 from BD transduction laboratories (San Jose, CA, USA). Fluorogenic substrates for proteasome activity were purchased from Boston Biochem (Minneapolis, USA). Human recombinant AKT1 (# ab116412) was purchased from Abcam (Cambridge, United Kingdom).
Animals and animal procedures
All animal experiments were approved by the local governmental authorities (approval number: F28/27 and F28/46) and were performed in accordance with the animal protection guidelines. C57Bl/6J and Nox2y/-mice were purchased from Charles River (Deisenhofen, Germany). Nox4 -/-mice were generated by targeted deletion of the translation initiation site and of exons 1 and 2 of the Nox4 gene (9) , backcrossed into C57Bl/6J for more than 10 generations. Tamoxifen-inducible Nox4-/-mice (Nox4flox/flox-ERT2-Cre+/0 mice) were produced by crossing Nox4flox/flox mice (backcrossed more than 10 generations into C57Bl/6J) with Cre-ERT2+/0 mice (9) . Genetic deletion of Nox4 in Nox4flox/flox-ERT2-Cre+/0 mice was achieved by oral tamoxifen administration in the chow (LASCRdiet CreActive TAM400, LASvendi, Soest, Germany) on 10 consecutive days. Both Cre positive as well as the Cre negative littermates received tamoxifen. Nox1y/-mice, kindly provided by Karl-Heinz Krause and previously characterized were used for the same experiments (18) .
Mice were housed in a specified pathogen-free facility with 12/12 hours day and night cycle and free access to water and chow every time.
To induce fibro sarcomas the chemical carcinogen MCA was injected subcutaneously into the right flank of the mice. In case tumors reached a diameter of 1.5 cm or 150 days after MCA-injection mice were sacrificed and if present the tumor tissue was used for cell isolation, immuno-histological and biochemical analysis.
To analyze the short term effect of MCA-injection mice were sacrificed 20 days after MCA injection and skin of injection site was used for histological and biochemical analysis.
Colon carcinomas were induced as follows: A single dose of 10mg/kg body weight AOM was injected intraperitoneally. After 1 week mice were treated for 1 week with 2% DSS in the drinking water followed by two weeks with usual drinking water. This procedure was repeated 2 additional times. Two weeks after the third DSS cycle mice were sacrificed and the colon was used for further analysis.
Cell culture
Fibro sarcoma cells were isolated using the tumor dissociation kit for mouse and the gentle MACS Dissociator from Miltenyi Biotec (Bergisch-Gladbach, Germany), following the manufactures instructions. Shortly, tumor tissue was homogenized enzymatically, erythrocytes were lysed and eventually cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) + glutaMAX (Gibco, life technologies; Carlsbad, CA, USA) supplemented with 5% fetal calf serum (FCS) and 1% penicillin (50 U/ml) and streptomycin (50 µg/ml) in a humidified atmosphere of 5% CO 2 at 37°C. Erythrocyte depletion buffer: 155 mM NH 4 Cl, 10 nM NaHCO 3 and 100nM EDTA in double distilled water, pH=7.4.
For isolation of dermal skin fibroblasts from mice 1 cm 2 piece of skin was cut into small pieces, transferred into 2.5 ml Collagenase solution (1000 U/ml in Hanks without Ca 2+ /Mg 2+ ) and incubated on shaker for 105 minutes at 37°C. Afterwards the solution was re-suspended and transferred through a 70 µm nylon filter. Cells were centrifuged and placed on a fibronectin-coated dish. The primary fibroblasts are cultured in DMEM/F-12 (Gibco, life technologies) supplemented with 10% FCS and 1% Pen/Strep in a humidified atmosphere of 5% CO 2 at 37°C. Murine lung endothelial cells were isolated and cultured as described by Schröder et al. (9) .
Site-directed mutagenesis and transfection of plasmids
The QuickChange II XL Site-Directed Mutagenesis Kit (#200521, Agilent) was used to make point mutations of AKT1/2/3. Corresponding primers were designed with QuickChange Primer Design Program. Plasmids for mouse AKT1 (#39531), AKT2 (#64832) and AKT3 (#27293) from Addgene were used for converting the two cysteine residues of the specific AKT into serine to create mutants. The following primers were used for the introduction of single amino acid mutations: AKT1 C296S 5'-ATC CCC TCC TTG CTC AGC CCG AAG TCC-3' and 5'-GGA CTT CGG GCT GAG CAA GGA GGG GAT-3'; AKT1 C310S 5'-CTC CGG CGT TCC GCT GAA TGT CTT CAT AGT GGC-3' and 5'-GCC ACT ATG AAG ACA TTC AGC GGA ACG CCG GAG-3'; AKT2 C297S 5'-CTG ATG CCC TCT TTG CTC AAG CCA AAG TCA GTG-3' and 5'-CAC TGA CTT TGG CTT GAG CAA AGA GGG CAT CAG-3'; AKT2 C311S 5'-TAC TCC GGG GTA CCA CTG AAG GTT TTC ATG GTG-3' and 5'-CAC CAT GAA AAC CTT CAG TGG TAC CCC GGA GTA-3'; AKT3 C293 S 5'-CTG TGA TCC CTT CTT TGC TAA GCC CAA AAT CCG TAA TTT TT-3' and 5'-AAA AAT TAC GGA TTT TGG GCT TAG CAA AGA AGG GAT CAC AG-3'; AKT3 C307S 5'-GTA CTC TGG TGT GCC ACT GAA TGT CTT CAT GGT AG-3' and 5'-TAC CCA TGA AGA CAT TCA GTG GCA CAC CAG AGT AC-3'. The double mutants (C296/310, C297/311, C293/307) were constructed using the single mutants as DNA template and primers for C310S/C311S/C307S. The experiments were performed according to the manufacturers protocol and mutations were verified by sequencing. AKT1 S473A/T308A mutant was a gift from Itamar Goren and AKT K179M from Beate Fisslthaler. Transfection of basal AKT plasmids and mutants was performed with Lipofectamine 3000 (#L3000-015) according to the manufacturer's instructions.
Proximity ligation assay (PLA)
Analysis was performed as described in the manufacturer's protocol (Duolink II Fluorescence, OLink, Upsalla, Sweden). Briefly, isolated fibro sarcoma cells were fixed in phosphate buffered formaldehyde solution (4%), permeabilized with Triton X-100 (0.2%), blocked with serum albumin solution (3%) in phosphate buffered saline and incubated overnight with appropriate antibodies. After washing, samples were incubated with respective PLA-probes for 1 hour, washed and ligated for 30 min, both at 37°C. An additional washing step followed and amplification with polymerase was performed for 100 min. Images were obtained by confocal microscopy with LSM 510 (Zeiss, Jena, Germany). Fiji software was used for quantification of single dots per cell. µg/ml phenylmethylsulfonylfluorid (PMSF)) to obtain the nuclear extract. Bradford assay was used to determine the protein amount (19) . Samples were cooked in sample buffer and were transferred on SDS-PAGE followed by Western Blotting. Identical amounts of protein from nuclear and cytosolic fractions were loaded. Analysis was performed with an infrared-based detection system using fluorescent-dye-conjugated secondary antibodies from LI-COR biosciences.
Protein and Western Blot analysis
Phosphatase activity was analyzed according to the manufacturer's suggestion. Briefly, 50 mM pNPP were incubated with lysates of cytosolic or nuclear fractions prepared as described above. After 5-10 minutes the reaction was stopped by addition of NaOH and the amount of the product of the phosphatase reaction, p-nitrophenol, was determined by reading the absorbance at 405 nm in a microplate reader (Tecan Infinite 200 Pro). BIAM Switch Assay was performed to determine the oxidation state of AKT. Briefly, cells were blocked with n-ethylmaleimide (NEM) and scratched in TCA. To block the free thiols cell pellets were resuspended in NEM-denaturing buffer (containing Tris-HCL pH 8.5, Urea, EDTA and SDS) subsequently followed by acetone precipitation. Reduction of oxidized thiols was performed with DTT-denaturing buffer and labeling of those with biotinpolyethyleneoxide-iodoacetamide-denaturing buffer followed by acetone precipitation and triton lysis. Lysates were used for IP with streptavidin-agarose beads and blotted for AKT.
mRNA isolation and RT-qPCR
Total mRNA from cells and frozen homogenized tissue was isolated with a RNA-Mini-kit 
DNA-damage detection (Comet-and Nicoletti-Assay)
A suspension of 1*10 6 cells/ml was mixes 1:10 with 5% low melting agarose and subjected onto slides coated with 1.5% normal melting agarose. Lysis of the cells was performed for 2 hours at 4°C in lysis buffer (2.5 M NaCl, 10 mM TRIS, 100 mM EDTA, pH=10., 1% Triton X-100 and 10% SDS in double distilled water). Lysis was followed by a 20 minutes incubation of the slides on ice with the alkaline electrophoresis buffer (300 mM NaOH and 0.5 M EDTA)
with subsequent electrophoresis at 25 V for 20 minutes. Slides were washed three times with PBS and were stained with SYBR green. Pictures were taken with a confocal microscope LSM 510 Meta and quantification was done manually by three independent investigators determining the ratio of cell number/cells with comets.
Additionally DNA fragmentation was determined by analysis of propidium iodide (PI)-stained nuclei using flow cytometry as described previously (20) . Cells were lysed and stained for 2 h in a solution of 0.1% tri-sodium citrate dehydrate and 0.1% Triton X-100 containing 50 µg/ml propidium iodide (Sigma, Deisenhofen, Germany) and analyzed by flow cytometry (FACSCanto II, BD Biosciences, Heidelberg, Germany).
Immunohistochemistry
Tissue was fixed in 4% paraformaldehyde overnight, dehydrated in ascending ethanol-series and then embedded in paraffin. Paraffin blocks were sliced and slides were dewaxed for further staining in descending ethanol-series from 100% to 70%. For antigen retrieval slides were cooked 10 min in citrate 1 x TRS buffer (Dako). After cooling down staining procedure started using the Dako CSA system in combination with Biotin blocking System (Dako) for 3,3' diaminobenzidine staining. First, slides were block with Avidin and Biotin for 20 minutes with the biotin blocking system from Dako, followed by peroxidase and protein blocking from the Dako staining kit. In between washing steps were performed with TBST. After the protein block first antibody was applied on the slides overnight at 4°C. The next day slides were incubated with biotinylated secondary antibody, amplification steps were performed as described in the manual and diaminobenzidine was used to generate the signal.
Counterstaining was performed with hematoxylin.
Polysomal Fractionation
Isolated fibro sarcoma cells were seeded in a 15 cm dish one day prior to harvesting.
Polysome analysis was performed as described previously (21) . Briefly, after incubation with 100 µg/ml cycloheximide for 10 min at 37°C cells were scraped and centrifuged. The 
Mass spectrometry measurements of inositol lipids
Mass spectrometry was used to measure inositol lipid levels essentially as described previously (22) using a QTRAP 4000 (AB Sciex) mass spectrometer and employing the lipid extraction and derivatization method described for cultured cells (cells isolated from tumors) and whole tissue (tumor tissue), with the modification that initial samples were probe sonicated for 5" (using a microtip) prior to extraction and that final samples were dried in a speedvac concentrator rather than under N2. Measurements were conducted on 1 x10 6 isolated fibro sarcoma cells or 1mg wet weight tumor tissue per sample. C16:0/C17:0 PI (100ng) and PIP3 (10ng) internal standards (ISDs) were added to each sample prior to extraction. Integrated area of lipid species peaks were corrected for recovery against ISD area (giving a response ratio for each lipid) and data expressed as C18:0 C20:4 PIP3 response ratio normalized to C18:0 C20:4 PI response ratio to account for cell input variation. Both endogenous PIP3 and PI were corrected to their own internal standard, and then the one measurement is divided by the other, to get the best estimate of true PIP3/PI. 
Sample preparation and mass spectrometry
Results
Loss of Nox4 promotes tumor development.
In order to determine the impact of Nox4 on tumor development, knockout mice were used.
As compared to WT mice, Nox4 knockout mice develop twice as many tumors in the AOM/DSS-colon carcinoma model ( Fig. 1A-C) . Similar results were obtained in a second model, fibrosarcoma-development in response to MCA. In Nox4-/-mice, as compared to WT animals, the onset of tumor development was earlier and the developing tumors grew faster ( Fig. 1D-F) . Proliferation within the both tumor models was more than twice as high in Nox4-/-mice as compared to WT mice (Fig. 1G&H) . Importantly, these effects were specific for Nox4: Deletion of Nox1 rather had an inhibitory effect on tumor development, and deletion of Nox2 was without effect at all (Supplemental figure 1) . To substantiate the importance of 
Knockdown of Nox4 results in genomic instability.
As genomic instability is an important factor promoting tumor development, cell lines from WT and Nox4 tumors were established and comet assays as a marker for DNA fragmentation were performed. Nox4 knockout tumor cells exhibited a doubling in the number of comets. Importantly, this effect was a consequence of a shortage of H 2 O 2 , the product of Nox4. When the tumor cells were treated with H 2 O 2 (5µmol/L, 24h) the number of comets in Nox4-/-tumor cells was reduced to that in the WT tumor cells, whereas WT tumor cells did not respond to this low concentration of H 2 O 2 (Fig. 1I&J) . These observations suggest that lack of Nox4-derived H 2 O 2 may promote genomic instability. Indeed, Nicoletti staining of lung, liver and intestine of healthy Nox4-/-mice demonstrated that DNA strand breaks are more frequent after deletion of Nox4 even in normal tissue (Fig. 1K) .
Loss of Nox4 results in attenuated recognition of DNA damage.
The increased DNA fragmentation in healthy Nox4-/-mice points towards an attenuated recognition or DNA damage response after deletion of the ROS generator. Indeed, markers of DNA damage like phosphorylation of histone 2AX (here termed γH2AX) were decreased in tumors and tumor cells of Nox4-/-mice as compared to WT mice. Importantly, already in the healthy colon of Nox4-/-mice or in fibroblasts cultured from those mice, the levels of γH2AX
were attenuated, which speaks for a general attenuation of the DNA damage response ( Fig.   2A-D) . Accordingly, acute exposure of fibroblasts to the carcinogen MCA increased γH2AX less effectively in Nox4-/-cells as compared to WT cells (Fig. 2D) . P53 is an important transcription factor responding to DNA damage. In line with the γH2AX data, p53 protein and mRNA expression was reduced in Nox4 knockout tumors and cells isolated from the tumor as compared to WT controls ( Fig. 2E-H) . Importantly, treatment with H 2 O 2 , the product of Nox4 normalized p53 mRNA expression in Nox4-deficient cells but had no effect in WT cells (Fig. 2F) . The decreased p53 expression was not a consequence of altered phosphorylation or translation of p53 (Supplemental figure 3A-D) nor was the expression of enzymes involved in p53 degradation, like NQO1 and MDM2 increased in Nox4-/-cells (Supplemental figure 3E&F) . In order to study whether the reduced p53 expression is a consequence of an inappropriate response to damage, we stimulated healthy endothelial cells cultured from the lung of WT and Nox4-/-mice with the carcinogen MCA. Whereas p53 expression was strongly induced in cells of WT mice, the knockout mice exhibited a highly attenuated response (Fig. 2I) . This indicates that DNA damage response is attenuated after deletion of Nox4. Importantly, expression and activity of ATM, the kinase which phosphorylates H2AX in response to damage and initiates the DNA damage response was not reduced in Nox4-deficient cells (Supplemental figure 4) .
Nox4-deficiency enhances nuclear PP2A activity
Steady state levels of γH2AX depend on the activity of the H2AX phosphorylating ATM and the γH2AX phosphatase. The latter task is carried out by the important serine-threonine phosphatases of the PP2A family (28, 29) .Given that ATM expression and activity was not altered after Nox4 knockout, we hypothesized that nuclear PP2A activity is increased in Nox4-/-cells. Indeed, by proximity ligation assay (PLA) with a pan-C-subunit antibody of the PP2A family an increased association of a PP2A member with γH2AX in the nucleus was observed (Fig. 3A) . Whereas the total cellular expression of PP2A was similar between WT and Nox4-/-cells, the nuclear PP2A abundance was greatly increased in Nox4-/-cells as judged by the abundance of the C-subunit ( Fig. 3B) . As a consequence, global serinethreonine phosphatase activity was decreased in the cytosol and increased in the nucleus of Nox4-/-cells when compared to the corresponding WT cells (Fig. 3C) . In order to link these data to PP2A activity, experiments with the pan-PP2A inhibitor okadaic acid were carried out at a concentration of 1 nM. At this concentration, the inhibitor is thought to be very selective for PP2A, whereas at higher concentrations, other phosphatases are blocked too. (30) . While okadaic acid (1 nM) had no significant effect on nuclear phosphatase activity in WT cells, it reduced the phosphatase activity in Nox4-/-cells to the level observed in WT cells (Fig. 3C) .
In keeping with this, okadaic acid restored the level of γH2AX in Nox4-/-cells to the level of WT cells but had no effect on γH2AX level in WT cells (Fig. 3D) . Strikingly, H 2 O 2 , the product of Nox4 also restored γH2AX levels ( Fig. 3E ) and reduced the nuclear PP2A level in Nox4-/-cells to the level of WT cells (Fig. 3F) performed to obtain a plausible candidate mechanism. Of the cytosolic proteins promoting tumor survival, the family of AKT kinases is of outstanding importance (31) . AKT is expressed in high abundance in tumors (32) and PP2A family members are responsible for the dephosphorylation of AKT (33, 34) . Importantly, in a very different context it was suggested that AKT can be oxidized which promotes its interaction with PP2A (35) . On this basis we speculate that the cytosolic interaction of PP2A and AKT could contribute to the mechanism of the altered localization of PP2A.
If our working model was correct, nuclear translocation of PP2A in the absence of Nox4
should result in a decreased association of PP2A with its target AKT and a subsequent increase in AKT phosphorylation, which was indeed the case (Fig. 3G&H) . Importantly, we found no evidence that the pathway leading to increased AKT phosphorylation, like the formation of PIP3 or PTEN oxidation, expression and activity were responsible for the increase in AKT phosphorylation (Supplemental figure 5&6) .
AKT is a redox-target of Nox4
In order to determine whether AKT could be the redox-switch responsible for PP2A translocation, Redox-BIAM switch assays were performed, which indeed demonstrated that loss of Nox4 resulted in a significant reduction of AKT oxidation (Fig. 4A) . As targeted redoxproteomics approach did not yield sufficient coverage of the peptide sequence of AKT 
Oxidized AKT interacts with the PPP2R1A scaffolding subunit of PP2A
Next, the redox-nature of the interaction of PP2A and AKT was defined. Immunoprecipitation of AKT followed by proteomics analysis revealed that PPP2R1A co-precipitates with AKT ( Fig. 4C, Supplemental table 3) . PPP2R1A, also known as PP2A, subunit A, R1-α isoform or PR65-α, is a scaffolding molecule that coordinates the assembly of the catalytic C subunit and the variable regulatory B subunit. Unfortunately no B or C subunit of PP2A was recovered in these screens. This might be consequence of the fact that the PPP2R1A subunit of PP2A mediates the interaction with other proteins (36) . Potentially, detergent conditions were so stringent in order to gain specificity that the PP2A protein complex was disrupted.
To substantiate our findings, an antibody directed against both C-subunit of PP2A was used (37) and regular co-immunoprecipitation experiments followed by Western blot were performed. These experiments demonstrated an interaction of PP2A subunit C with AKT in WT cells, which was impaired in Nox4-/-cells ( Fig. 4D) Overexpression of redox dead mutants of AKT (C296S C310S) did not restore co-precipitation of AKT with PP2A in Nox4 knockout cells, whereas after overexpression of a kinase-dead mutant (T308A/S473A) more PP2A was co-precipitated with AKT in the knockout cells (Fig. 4D) . In keeping with this, PLA assays demonstrated that the redox-dead mutants exhibited an attenuated interaction with AKT even in Nox4 expressing WT cells (Fig. 4E) . Collectively, these data suggest that interaction of PP2A with AKT occurs through the subunit PPP2R1A and requires Nox4dependent oxidation of AKT but not the kinase function of AKT.
Kinase-but not Redox-dead AKT restores normal cell function in Nox4-/-cells
Next it was tested whether cytosolic retention of PP2A in the cytosol of WT cells is dependent on the oxidation site of AKT. Overexpression of any of the three wild-type AKT homologues restored cytosolic retention of PP2A. Importantly, this effect was also observed when kinase-dead versions of AKT but not the redox-indicative cysteine-mutant of AKT was overexpressed ( Fig. 5A&B) . According to our model, restoration of cytosolic trapping of PP2A should also restore DNA damage detection and thus phosphorylation of H2AX. This was indeed the case (Supplemental figure 8) . Overexpression of wild-type AKT restored γH2AX in Nox4-/-cells to the level observed in WT cell. In contrast, overexpression of redoxdead AKT failed to have this effect. This would suggest that also DNA-repair is dependent on the oxidation of AKT resulting in PP2A trapping. To address this, comet assays were performed after overexpression of the different AKT plasmids. Wild-type AKT reduced the number of comets in Nox4-/-cells to the level of WT cells and similar effects were observed in kinase-dead mutants of AKT (Fig. 5C&D) . In contrast, none of the redox-dead versions of AKT was able to affect the number of comets. Thus, retention of PP2A by Nox4-oxidized AKT stabilized γH2AX in the nucleus, which results in DNA repair and reduced number of comets.
Discussion
In the present study we observed that genetic deletion of the NADPH oxidase Nox4 resulted in genomic instability, which was a consequence of attenuated DNA damage response due contributes to differentiation (16) which is in accordance to the concept that during the progression from stem cells towards differentiated cells, cellular ROS production is increased (44) . In fact, hypoxia and exquisitely low ROS level are characteristics of stem cells and stem cells niches (44) .
Previously, it was noted that deletion of Nox4 results in attenuated differentiation and inflammatory activation which was in part mediated by attenuated eNOS expression, Nrf2 activity (10, 45, 46) and JNK signaling (16) . With the present work we establish AKT as an additional redox-target of Nox4 important for malignant transformation. Nox4 promoted the interaction of PP2A with AKT, which facilitated AKT dephosphorylation. Given that AKT promotes survival and proliferation, this finding explains the increased proliferation after deletion of Nox4, observed not only in this but also other studies (39) .
As a second effector of Nox4, H2A phosphorylation which is an indicator of DNA damage, was identified. In case of DNA double-strand breaks, H2A is phosphorylated by ATM at Ser139 (47) and this event is a prerequisite to cellular response to DNA-damage (29) . The present observation of attenuated γH2AX in the absence of Nox4 is in line with a previous report that antioxidants reduce the level of γH2AX in murine lung cancer tumors (3). It appears that the binding of PP2A to the highly abundant AKT deprives other cellular compartments from this phosphatase. After Nox4 knockout AKT is less oxidized, PP2A is released from AKT and translocates into the nucleus, where it dephosphorylates γH2AX (28) .
Phosphatases are well known redox-switches as several families, such as dual-specific phosphatases, the lipid phosphatase PTEN and tyrosine phosphatases are inactivated by H 2 O 2 . In fact, it has been shown that Nox1 inactivates PTEN (48) and inhibition of Nox1 induces apoptosis by attenuating AKT signaling in cancer cells (49) . PTP-inactivation by Nox4-derived H 2 O 2 is certainly occurring under certain conditions and might promote survival of some cancer cells (50, 51) ; the tonic activity of Nox4, however, in most cells should result in an induction of the antioxidant defense to counteract this process (41, 46, 52) .
PP2A, the phosphatase of concern in the present work, however does not contain a redoxsensitive cysteine in the active center but a metal (53) , and is therefore not redox-sensitive.
The variable intracellular distribution of PP2A and its effect on cell survival might explain the conflicting data obtained with PP2A inhibitors in cancer. There is this long standing history of okadaic acid and other PP2A inhibitors as carcinogens (54) , but there is growing controversy regarding the role of PP2A as tumor suppressor. Inactivation of PP2A triggers tumorselective cell death (55) and the PP2A inhibitors cantharidin or okadaic acid induce apoptosis of pancreatic cancer cells through persistent phosphorylation of IKKα and a sustained activation of the NF-κB pathway (56) . Subcellular localization of PP2A activity may be the key to understand the controversial findings. In fact the B subunit determinates the function of the PP2A complex and localization of the phosphatase activity. Out of the four recognized subfamilies; it is plausible, that a B56 complex may prevent DNA damage repair, if not retained in the cytosol, as a B56ϵ containing PP2A holoenzyme has been described to dephosphorylate γH2Ax (57) .
An unexpected result of the present study was that Nox4 deletion elevated AKT phosphorylation. It is known since very long that H 2 O 2 , by inhibition of PTEN and activation of tyrosine kinases increases AKT phosphorylation. Moreover, in several tumor cell lines, Nox4, as a source of H 2 O 2 was suggested to drive AKT phosphorylation (58) (59) (60) (61) (62) . Nevertheless, in other studies AKT was identified as an inducer of Nox4 expression (63) (64) (65) (66) . These studies, however, were all performed in transformed stable tumor cell lines. Thus, genomic instability or malignancy induction is not concerned but rather a general aspect of how H 2 O 2 promotes migration and proliferation. In line with this, any mechanism reducing H 2 O 2 , like inhibition of mitochondria, Nox1, Nox2 or Nox4 usually leads to similar protective response in these studies (50, 67, 68) Several studies report increased expression of Nox4 in cancer (60, 69) . This is not surprising as Nox4 is induced by hypoxia and fibrotic response, which is common in tumors. Thus, Nox4 induction is unlikely to be causal in those studies. Moreover, despite the fact that commercial antibodies are not specific for Nox4 or are not even detecting the enzyme (70), many of the publications identify Nox4 by its molecular weight in Western blots or immuno histology (for example) (60, 71) .
Although our work suggests that Nox4 maintains genomic stability, other studies linked Nox enzymes to the opposite effect. p22phox down-regulation contributes to genomic instability in FLT3 expressing leukemia cells (72) and H-Ras transformed cell lines (73) . Due to the selection of the individual cell line, an association of this function to a single Nox enzyme is impossible, and also most any homologue has been associated with DNA damage (74) .
These variable results stress that tumor research on cell lines should be interpreted with great caution and that the results frequently cannot be transferred to the in vivo situation.
Our study is not the first linking Nox4 to a rather positive protective function in malignant disease. In hepatic cancer, the Nox4 promoter is silenced which appears to promote hepato carcinogenesis in rats (75) . This data is even supported in a study looking at Nox expression in hepatocellular carcinoma (76) . High Nox1 expression was associated with less favorable outcome, where high Nox4 expression was beneficial (76, 77 
